develop formulas for calculating the approximate depth of focus of any eye. They show that the magnitude of depth of focus is inversely proportional to the size of the eye and to its visual acuity. One particular implication of these quantitative relations. which is supported by previous data from rats and human infants, is that small eyes with low acuity should have large depths of focus. We show that the observed relation between defocus and contrast sensitivity in rats in predicted by our formulas. We also analyze recent findings in human infants and show that they demonstrate a good correspondence between the improvement in accuracy of the accommodative responx with age and the reduction in depth of focus (predicted from our formulas) as acuity and eye size increase over the same age range. Optical factors such as astigmatism, refractive error and chromatic and spherical aberration should have no effect on visual resolution unless they exceed the depth of focus of an eye. Thus, our arguments imply that these factors may be relatively unimportant in small eyes with low acuity.
INTRODUCTION
In a perfect optical system there is a single plane where the image of a given object is brought to optical focus. Moving the object toward or away from the system moves its focused image relative to that plane, hence blurring the image that fails on the plane. If an infinitely sensitive blur detector were placed in such a system's plane of optimal focus, then the distance through which an object could move before it appeared out of focus would be infinitely small; that is, the system's depth oj focus would be infinitely small.
The eye is not a perfect optical system, however, and the retina is not infinitely sensitive to optical blur. The eye's depth of focus is therefore always finite. For example, in the adult human eye, Campbell (1957) found a depth of focus of about +0.43D. That is, objects from 2.3 m in front of the eye to optical infinity would be in equivalent focus for an unaccommodated emmetropic adult human observer. Anything closer than that would be detectably blurred. Thus, acuity would be diminished if the eye did not accommodate in order to bring closer objects to focus.
Recent data, from our laboratories and elsewhere, suggest that other organisms may be less sensitive to optical blur than adult humans are. Consider the human infant, for example. Experiments from two different laboratories (Salapatek et al., 1976; Atkinson et al., 1977) measured the acuity of young infants (l-3 months of age) for gratings placed at widely varying l Present address: Department of tisychology, Vanderbilt University. Nashville, TN 37420, U.S.A. distances from the eyes. Neither group found any effect of target distance on acuity. These results imply that either (1) the infant accommodates accurately enough to bring the targets into focus or (2) the infant's depth of focus is greater than the adult's, The first of these seems less likely than the second, because the infant's ability to accommodate is limited: Banks (1980a) has recently confirmed the earlier finding (Haynes et al., 1965 ) that infants do not begin to accommodate accuiately until 2-3 months of age.
Consider the rat as a second example. Powers and Green (1978) recorded the responses of ganglion cells to drifting gratings and placed spherical lenses of various powers in front of the eye. They found that the bursts of action potentials produced in response to the bars of the grating were essentially unaffected by lenses that were less than +14D in power. Because the rat is probably incapable of accommodating to such stimuli (Woolf, 1956 ). these results imply that. like the infant, the rat's depth of focus is greater than that of the adult human.
These observations about rat and infant vision led us to attempt a quantitative examination of the factors that contribute to depth of focus. In this paper we examine how optical factors interact with eye size and visual acuity in determining depth of focus.
We have two goals. The first is to provide simple formulas for calculating approximate depth of focus for any eye. We rely on paraxial ray optics and thin lens formulas to derive the relevant relations. Our second goal is to demonstrate that the combination of small size and low acuity produces large depth of focus. For this purpose we gather data from schematic eyes and studies of visual acuity in many organ-827
